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FUNDAMENTAL AERODYNAMIC INVESTIGATIONS FOR DEVELOPMENT
OF ARROW-STABILIZED PROJECTILES¥

By Hermann Kurzweg?!

I. STATE OF DEVELOPMENT OF ARROW-
STABILTZED PROJECTILES

The numerous patent anplications on arrow-stabilized
projectiles indicate that the idea of projectiles without
spin is not new, but has appeared in various proposals
throughout the last decades. As far as projectiles for
subsonic speeds are concerned, sultable shapes have
been develoned for sowe time, for examvle, numerous
grenades., !Most of the patent anplications, thoush, are not
practlicable particularly for projectiles with supersonic
speed. This ls because the inventor usually does not
have any knowledge of aerodynamic flow around the projectlle
nor any particular understanding of the practical solution.

The lack of wind tunnels for the development of
projectiles made it necessary to use firing tests for
development. These are obviously extremely tedious or
expensive and lead almost alwavs to fallures. The often
expressed oninion that arrow-stabilized projectlles cannot
fly supersonically can be traced to this condition.

That this is not the case has been shown for the
first time by RGchling on long projectiles with foldable
fins., Since no aerodynamic investigations were made
for the develooment of these projectiles, only tedlous
series of riring tests with systematlc varistion of the
fins could lead to satisfactory results. These particular

*"Die grunds¥tzlichen aerodynamischen Untersuchungen
zur Entwicklung pfellstabiler Geschosse." Schriften der
Deutschen Akademie der Luftfahrtforschung, Nr. 1059/L3,
1943, pp. 33-71.°
*Due to indisposition of the author, the lecture
was given by Mr. Erdmann, Peenemiinde,




2 . o NACA TM No. 1175

projectiles thougrh have a disadventage which lies in
the nature cf foldable fins. <They occasionally do not
open uniformly in flight, thus csusing unsymmetry Iin
flow snd greater scatter. The junctions of fins and
body are 'very pbad aerodynamically and incrsase the
drage It must be possibvle to develop highererformance
arrow-stabilized projectlles based on the aerodynamic
research conducted during the last few ysars at
Peenemiinde nd new construction ideas. Thus the
Tinal shape, resady for operationsl use, could de
developed In the wind tunncl without loss of expensive
time in firing tests.,

The principle ol arrow-stabilizs
been applied to a large number of cal
stabilized by verious mweans., Most pr

development of a subcaliber winz-stabilized projectile
with driving disc {(Treibspiegel) whore rigid control
surfaces caxtend beyond the caliber of the projectile

into the frec streani, The stabilizaticn of full-caliber,
wing=stabilized projectiles with fins within the caliber
is considerably more difficulte. A completely satis-
factory selutlion for the latter has not been found yet.

bsrs which were
mising was the
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ITI. THE FURPOSE AND H§FECE3SSITY OF

ABRODYWAMIC INVI.STIGATICHS

The following fundamental acsrodynardc investi-
zations on flow conditions around hodics of sheort and
long projectiles as well as their Zins has been presented
briefly by tho author at the projectile meeting at
Peeneminde on 0Oct, 9 and 10, 1541. These have been
extended considerally by tesits on pressure lisitrivutions
and stabllity. The flow around a »rojectile body,

A calibers long, with =nd without Tins, was investigated
first. After completion of these invsstigations and
understanding cf the asrodynomic relations, the structural
design of projectiles which wers reedy lor firing was
started, It tecame obvicus in the beginning that the
finel shzipe of a projectile could be obtained only

through the closest cocperotion between aerodynamists

and dsesignsrc, whese rospective requirements necessitated
constant comprom}ses.
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The following questions had to be answered by
aerodynamic research:

1. Yy does every normel nonspinning projectile
tumble, which means that i1ts aerodynamlc force acts
ahead of the center of gravity? ‘

2« ¥hat 13 the fundamental effect of the fins?

The fact that a body can fly statle only when its
aerodynamic force acts behind its center »f gravity has
been recognized in the msantime and will not bs discussed
further,

The answer to gquestion (1) leads to ths determil-
nation of force distributlion over the entire surface of
the projectiles., In addition to determining the
resultant air force in magnitu& and Adirection and l1ts
intersection with the exis of the projectile it was
necessary to find how it originabed. This alsc glves
the answasr to the second question and thus the means
that must be tdlon to change the alreforcs distribution
on the projectile such that the re ssultiag alr forcee
Intersects the axis behind the center of revity.

Firing tests cannot aunswer these gquestions since
they give only the drag of tho projsctiloc and toll
whether it tumbles or note. Wind-tunncel teste determine
the point of application of the alr forca Irom threo
component mecasurements and give exact knceivrledge of the
air=force distribution over the body and fine from
pressurc=distribution msasurements.,.

IITI., CONCLUSTONS BASED CF WINDeTUNIEL TESTS

Basically a projectile can be stebilized by a
drag force (forecs 3in direction of flow) as well as by &
normal force (forcs perpendicular to the axis of the
projectile). Drag forces are not desirable for a
projectile since they result in a decreace in range and
considerable reduction in vclocity. Normal forces have
no immediate effect on elther one, Due to their irregular
distribution along the axls of tho projectilec they ceuse
the major portion of rotation of the projectile areund
its center of gravity.
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Stabilization of a projectile by means of a drag
force is shown in figure 1., A drag body is pliaced at
2 given distance behind the base of the precjectile. If
the projectile is at a given angle of attack, the drag
body experiences certain forces which, acting through
arm H, tend to return the projectile Inbto the direction
of flighte This stabilizing moment must obviously be
larger than the unstable moment acting on the projectile,
It is obvious that this reguired either an sxtremely large
drag or one acting far behind the center o1 “ravity.
Calculations have shown that stabilization o - be
attained by spheres with a dlamster cqunri to the caliber
of the projectile and at the some Jistancs Tron the base
of the projectile as the distance betwess bess and
cenber of gravity of the projectile., This zlows that
this stabilization csuses an extremely high drag (drag

coefficiert of the sphere ¢ = 1 3ubsonic.llv), Furthsr-
3

L
more, design complicetionz arlisc which nmske whis kind
of solution not dssirable., Figure 2 shows a long pro-

Jectile which is z2lso sbtabilized by drag fovecs. The
model, suspznded at i1ts point of rotation in the wind
tunnel, shows that the dreg lorce caused by grcoves in
the rear portior is much too swmall to resuls n a
satisfactory stabilization. <Since the mowenvs caused
by drag forces ars unsatisfacteory onc must rougsort to

moments caused by normal forces,

The magnitude of the normel force at ¢ach point of
the surfeoce >f the projectilec is given by grueicure=
distrihutiocn tests, The molel of thwe 2190 cerile his as
mainy pressure orificcs as possible whichi rr- connscted
to mercury manometors, permitting pres:zure r-acdings
immedizately. The meesured nressures, mmltiplicd by the
surface elements, give alr-=force componcnts perpen-
dicular to the surface, whose compenents nom.21 to the

P

axis of ths projectile give the rcquired norssl forccs.
One gets a better concept of the feres “Istribution
by cutting the projectile, perpendicular %o .i: axis,
into disce. Eacn of these discs has a surfacs ring upon
which air-force elements act. Ffhig surface .s usually
at an angle bo the axis excent for the cylindrical
portion, ¥#ith the boudy at 0°, flow parallel to the axis,
the pressure on gach ring is wnifornly Jistrlbuted and
therefore all normal forces are perpendicular Lo the
axis. No resultant shear can therefore exist in any
direction in the plane of the ring. Hence, there can
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be' no moment sbout the center of gravity. 'The. pro=-
Jectile' 13 therefore in equilibrium, which can be
elther stable or unstable. This questibn will be
decided by 1nvestigating the projectile fob varlcus
angles of attack. ] . R

- If the projectile has an angle -of attack of ,
about 80' the distribution of pressures on éach ring.
as well as on ‘both .sides of the conbtrol surfaées is no
1onger symmetrical. Mr-force distributions result as
shown in figures 5 and 6. Resolving the -individual’
normal-force elements into the plane of relative wind
and axls of projectile, one sees that 'a shear’ forcé’
exists which'ls elther a pressure of a sustlion, i
depending upon lts sign. These forces on each ring’
and fin cause right-or left-handed moments about the
center of 'gravity, 'One ‘or the othér can dominate along
the projectile and the projectile can thus return to
zero position or depart from 1%, Figure 3 shows the
individual shear forces along the axis of the pro-
Jectile with and without fins. The nrojectile had an
angle of attack of 8° and was tested in the wind tunnel
at subsonic speeds,, The direction of flow in the figure
1s from the left lowcr corner to the upper right,
Figure li shows a more slender prOJentlle without fins
at subsonic speed., The shear force in kilograms are
referred to 1 centimetér of the axls. They were
calculated for a wind velocity of 200 meters per second.
(Ly7.3 mph) and sea-level air density.

Projectiles without fins show a positive, sinusocidal

-shear force distribution over the ogival tip (positive

upward in the figures). The cylindrical part has almost
zero shear and the ogival tall has negative shear. Thus
there are right-handed momentsehead of the center of-
gravity as well as behind which tend to turn the pro=
jectile away from the zero position. This causes an
inerease In force on the tip and tall with incresse in
angle of attack and the projectile will soon turn ‘
crosswise.

How can this be avoided? The destabilizing‘moments
must partly be changed in sign. This cannot be done
between the tlp and center of gravity 'of the projectile
since no aerodynam;c means areé avallable, It 1s
possible though Lo change the moments behind the center
of gravity,
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The triclk is to introduce surfoces parallel to the
axis and having the same angle of attack as the axis at
the point of the mazimum right-handed moment (at 90 cm
in fig. 3). This results in an air-force distribution
which 7ives the desired moments. Behind the leading
edge of the so-called shoulder of finned projectile
there are extremely high suctions whlch by far exceed
the pressure. forces on the side exposed to the wind.
Particularly for subsonic speeds there 1s a high suction
gradient immedlately behind the shoulder which decreases
rapldly towards the trailing edge of the fin. In the
supersonic range the suction area is more uniformly
distributed over the surface, which will be discussed in
detail later. Such control surfaces have the following
effects:

1. The right-handed moments of the tail of the
projectiles sre counteracted.

2. New left-handed (stabilizing) moments behind the
center of gravity are caused which are stronger than
those ahead of the center of gravity and thus tend to
return the projectile to zero position.

The projectile of figure !l shows a different shear
distribution over 1its slender tall portion, There is
no pronounced minimum. Zero shear occurs far baclz on
the projectile and the start of the fin can also bhe far
bock which is very advantageous from previous obser-
vations. In this case small areas with little drag are
sufficient. TFigures 5 and 6 show the pressure distri-
bution on cross sections of the projectile of fipgure 3.
They are given for two supersonlc velocities for the
portion behind the center of gravity. =Ring i contains
no control surface while rings kX to » show pressures
over the body as well as the control surface. At g
and v the control surface extends beyond the base of
the projectile. ©Shaded areas represent pressures higher
than those in undisturbed flow while unshaded areas
represent pressures lower than undisturbed pressures.
Fig. 5 shows that at Mach number = 1,87 the suction on the
leeward side far exceeds pressures on the windward side.
Furthermore, there are extremely high suctions on the edge
of the fin which 1s even more pronounced for subsonic
velocities. For Mach number = 3.2 (fig. 6), the pressure
conditions are changed such that the pressures on the
windward side lncrease considerably so that the negatlve
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pressures no longer. predominate. Furthermore, the control-
surface rings n to r have a more uniform pressure distri-
bution over the entire width of the ring so that the
effectiveness of the fin extends over the entire

width of the fin while at lower velocitles only the

outer portions of the fin are effective.

Figures 7 and 8 show the normal-force distribution
over the longitudlnal axis of the same hody for various
angles of attock at subsonie and sumersonlc sveeds,

These figures glve nondimensional shear-force coefTicients.
For subsonic speeds there is very little variation with
lMach number. For supersonic speeds, thoush, the shear-
force coefficilent varles considerably with i'ach number,
particularly in the region of the fin.

There 1s a pronounced force concentration at the
shoulder of the fin at subsonic speeds while fon super-
sonic speeds there is a uniform distribubtlion of normal
force over the entire length ol the Tin whlenh lncreases
with !lach number,

Figures 7 and 8 show the variation ol uormal force
with angle of attack of the body. The pressure and
suction peaks of bodz and fin reduce when returning the
progect11e to a =0 They reduce to zero vhen
a = 0° The forces over the ogival tipn do not reduce
at fhe same rete as those over the fins. I'igures 9
and 10 show two cases of completely and inoompletely
stable vrojectlles at a = 09, The increace of moments
ahead of the center of gravity {(ogival tip) and behind
the center of gravity (fin) is plotted in two curves
against the angle of attack. Flgure 9 shows the
desired case where the lelt~handed fin moments are
always greater than the right-handed tip moments. Thus
the nrojectile 1s rotated until both vanish for a = 0°,
Figure 10 shows that the left-handed fin moments are
1arwer than the tip moments only for ancles of attaclk
greater than 5° For smaller anﬁles the rcverse 1s true.,
This means that the proiectile with:this fin 1o unstable
for small angles up to I

From these investigations i1t is possible to deternine
the most effective positlon of the fins for every basic
projectile body whose pressure distribution is lmown. It
can be seen that the fin of the projectile ol figure 3
should not be carried forward too far since 1ts shoulder,
with its high suction force, would approach the center of
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gravity too closely, resulting in small moments. It
would be absolutely incorrect to attach the fin shoulder
ahead of L = 50 centimeters since this region 1s ahead
of the center of gravity and cannot afford to receive
additional right-handed moments, It would be extremely
unsatisfactory to extend the fins up to the tip of the
projectile since they would require greater width in the
rear portion to counteract the additional sacdverce
moments at the tip. Also unsatisfactory would be =z
position of the fin too far back at the tall since this
would counteract ouly pnart of the right-handed body
moments, The lstter case, though, produces large
moments of the fin forces due to their large distance
from the center of gravity, Hence, each crse must be
decided upon separately: If the counteraction of the
right-handed moments by fins further forward is more
effective than the large left-handed moments of fins
far behind, in presence of the unstable bhod; moments.
For the orojectile of figure L., a fin, starting near
the center of grevity, would be wrong since there are
already ccnslderable stablllzing moments,

Lfter understanding the fundamentsl effzscts of
control surfaces it can be seen why it is difficult to
stabilize full caliber projectiles with fins not
extending beyond the callber., The fins ore within the
vidth of the projectile which means, they are exposed
to alr which has been accelerated by boundary layer
and base vortices and thus has less impact force then
the urdisturbed air in the atmosphere. The tip moment
of the projectile would therefore predominate, particu=-
larly for small angles of attack.

For fins within the caliber to be effective one
must take care that the flow will nowhere sejnarate
from the body of the nrojectile so that the nonseparated
flow adheres everywhere to the projectiie. The fins are
then exnosed to this nonseparated relatively undisturbed
flow. It is particularly difficult to taper the nro-
jectile towards the rear so that the flow st angles of
attaclr does not separate, In most cases. there will be
separation for a certain veloclity rangs, fisure 1l.
Even for nonseparated flow the boundary layer increases
beyond the maximum diameter of the projectilc so that
the fins are no longer in an undisturbed flow. Hence,
fin stabilization (at least for one noint, a = 00°)
1s basically insufficlent with normal forces of full-
caliber nrojectiles, Drag forces must thersfore be
employed for stebilization,
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IV. THE BASIC BODY

Few general statements can be made concerning the
shape of the basic body (projectile without fins). The
design of the projectile depends on its ultimate purpose,
namely, to obtain large ranges with small mass, to carry
large masses over small ranges, as subcaliber driving
dlsc projectile, as full-caliber projectile, and so forth.
out of the large number of projectile tests only one
particular investigation is shown and the results
discussed, It was attempted to find the optlmum shape
for the drag of the basic body of a driving disc pro=
jectile of glven mass with a given base area which could
not be reduced for reasons of strength. Starting with a
basic body O, figures 12 to 15 show four body families
having certailn equal characteristics, These have been
varied in a certain manner and the resnective drag
at a = 0° and Na = 2.5 measured.®

Body families a and b (figs, 12 and 13) have
as characteristics, equal length and variable volume.
Body family a has furthermore the same tip angle
of 32,5° while family b varies the tip angle from 23°
(body 1) to ll.9 (body 9). The maximum cross section for
body family b occurs apnroximately at the same distance
from the vase while it moves rearward in the case of
body fanily a due to the tip angles belng equal,
Body families ¢ and d, (figs. 1L and 15), have as
common characteristics, equal volume and varlable length,.
Famlly 4 has again equal tip angles and family ¢
increases its tip angles from body 1 to 9. For both
these families, body 1 did not glve presentable wind-
tunnel data, The three ordinates shown in the diagrams
glve the drag coefficients cy referred to three areas:

body surface (0), (volume)z/5 (VZ/B), and maximum cross
section (Q)s. Depending on the noint of view and pur~
pose of comparison one can use any one of these reference

areas., DBody family a shows relatively constant cW(V2 5

and cyw(0). cy(Q) decreases due to the large increase
in maximum cross section. Body families b and ¢

show large increases of cw(v2/3) with tlp angle.

For body family ¢ one sees that the friction
drag cy(0) for the very long body number 2 approaches

e o

®A11 bodies bearing the same number have the same
meximum cross~seoctlon.
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almost that of a flat plate in subsonic flow. IHence,
there Is almost no pressurs drag. For body familf a,

behaves similarly except that 1t is not much hlrher
for the fatter body since ithe tip angles remain the
sams .

The investigation of thesc families shows amongst
other things that the tip angle hes the grsatest eflfect
upon the 4rﬁn oI the kody and tratbt it should bz kept
8s small as 90351ble ln a2 cases. Conparison of two
becdiss of equal volume, bndales :wmber ¢ of families ¢
an d, show that it 18 oebtsr to move the maxirun
cross section far back bto kecp tre tip angle small
rather than to provide a slendor tall as is required
irn the subsoniec flow., Thic i3 contrary to the impor-
tant regquirement th it the centsr of sravity shouwld be

as far forw rd ac nossible. It is ouvious thot the
choice of the optimum bhasic body is not eacy zince
additional reguirements must bs considered such os
pallistic guestions, explosive content, fuse shaupe, and
structural provrlems.

V. THE CONTROL SUNFACES

Skhave and size of control curfaces for suwicalider
drivirs disc mrejecitiles can be dotrrmined from wind
twmel t.sts on flab plates in subsonic and supersonic
Tiow Thiey must produce the nocessary counteraching

L
moments ¢he optimm shape and slze on the other hand
¢ Jdetermined by the shove monbionsad metiod.

As to shape, 1t is funlamentally rsquired that the
lsaling euge of the fin be vory sharp Lo g*ve as small
s pogsible 2 profilc drep. [his shwurp edge, which
suould also he used for the ti; ol the [in, produoes
also a very hich suction pea/ on the upper surfoce of
ths surface whose low pressure 2round ths harp edgs
will not equallze witli the hﬁ"b TPrLSSUTs oﬂ tho 1ower
surfaces 4About & rounded cﬂ”e thory is a flow by which
the suction of cne sice 1r ruduced b* thae pressure of
the cother side., For the 1 t\T 1 cdge of the fin a
sparpening is usually not doqucm for practical reasons,
This edge should thon not be rounded but should bc made

s ed
rubt:ngulur. A weepback englc (fin lcading eodge varsus
T nrojeetilc) o 3J° has esn found ver »rachical,
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Smeller angles make a fin less effective, larger ones
increase the drag. I% is particularly advanbageous to
widen the fins towards the back so thak the outer edge
mekes an angle of apnroximatﬂlv 20 with the axis of

the rrojectile. Thls increases the stabilizing effect
by hav1ng the resrward position of the oufer edge in
wndisturbed flow. This inclination.of »he oubdr edro
can ugsually not be used for driving- disc. pro(sctiles
because the maximum width of the fin is lirited and no
loss in arca can bg afforded., This desizgn iz particu-~
larly suited for roclet projectiles which huve no limle
tation as to the maximum diameter,

+

The effectiveness ol [ins can furbthermore be
increassd by providing several shouldors, Jigure 1l&,
The control surface a3 a whole counteracts the right-
handed moments behind the cenbter.ol cravity of bhe
body. Lach individuval shoulidsr builds up & gucitlon
peak. The fore¢ of the first shoulder is at the same
distance from the centur «f ravity ag that of a single
shoulder fin, The forews though are slizhtly smaller
but the suction pecks, lying furether baclk, belng also
smeller than the aingle shouldored oncs, buve & larger
distance frem the center of grovity and moducc, therelorc,
larger loft-handed moments. Unfortuwie tuly, tuls type of
control surface is not saitel four o ariving Jdisc pro-
Jecetils beecause of the insguflficlent space Lubween projec-
till and caliver. This would manke the width of tho
ladividual shoulders too wsmall, thercby bllﬂlnutlng

holr effcetivensss. Those fins alee have their place
only fpr rocket projcctiles., ' )

Teots have boen radc at Peenemiinds  bto I.tcrmine
the bost numbér of fins. In principlc, a four~fiunod
control swrface can produco LuDllTVJHf T'.cnts. This
tht of control surfacc thauyb produccs & #light roll
in vrojectiles which not only occurs diu to Slight
wmaymme bries in.the control Qurf eas but oo ot any
anvle of attack. If the pro} etile T1ivs with an angle
of atbtack, as is the casc for nonlinear £1i.n% or with
sidc wind, the cross-1lilie four-fin drrad L\nQﬁb couses
rolling momunus about the lang ifudln”l wiis. this
rolllnﬁ moment hes a maxlmum For lataxal 'l;Tu of bthe

_utive WLnd of @ 22°¢’ It is ZETO 101- n = ol

and for O = h5°. {Sce fig, 37 ) The same conditio:
exists for angles between 1,59 nnd 90°,
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This causes rolling frequencies which may easlly
be 1in resonance with the eserodynamic¢ natural frequency
of the projectlle and may thus lead to three-dimensional
oscillating motions,

It is, therefore, recommended to use more than four
fins which, on the other hand, causes larger drag.
Practice has shown six flns to be sufficient which
cause only slight rolling moments and only s slight
drag increase,

VI. THE THICKNESS OF THE BOUNDARY LAYER 0.1 WIND~TUNNEL
MODEL AND FULL=SCALE PROJECTLILZS

When applying wlnd-tunnel tests to the full-scale
projectile at supersonic speeds it is usuvelly sulfl=-
ciently accurate if the same llach numrber exists for the
flow in both cases. For more exact investigations, the
Reynolds!' number of the flows must be considered, which
is particularly important when investigatin,: surface
friction and boundary layer growth., The growth of the
boundary layer along the orojJectile, full scale and
model, can be of great importasnce for the fins., It has
been mentioned how irportant it is that the fins extend
into unseparated flow, A thick boundary layer makes a
larger portion of the fin more ineffective than a thin
one, The bvoundary layer grows as a cerbain tunction of
the length of the body, whereby the velocity and viscosity
of the surrounding alr are of importance, These con-
ditions which are determined by Reynolds! number are
usually not the same for full-scale and wind-tunnel
models., No experience exlsts of woundary-layver conditions
fer nrojectiles in supersonic flow. Certain statements
can be made though when considering the boundary layer
on flat plates which are sufficiently known for subsonic
speeds. Gonsidering for insbance, a full-scale pro-
jectile of two~meter length and 2 caliber of 10 centil=-
meters, flying with a speed of 1100 meters pur second
(21,60 mph), the thickness of the boundary laver at the
tail of the projectile is & = 1.85 centimeters = 0.10 cali=-
ber. If the wind-tunnel model is [0 centireters long and
has a caliber of 3.6 centimeters, measured at a Mach
number = 3.25, the boundary-layer thicknes:z abt the
corresponding point is & = 0,80 centimeters = 0.22 caliber.

]
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Although this boundary-layer method 1s valid only
for flat plates, 1t would give at least a qualitavive
insight if applied to round projectiles. Thils means
that the model has twice as much of its fin in the
boundary layer than the full+scale projeciile., Hence,
the stability of the projectlle &s measured in the wind
tunnel mu3t be on the safe sidey The full-scale pro-
jectile will be even more stable.

VII. DEFINITION OF STABILITY

When counteracting the destebilizlng force distri-
bution, known from pressure-distribution tests oun the
basic body, by means of a control surfacs or sometimes
by changing the shape of the basic body, the arrow-
stabilized projectlile may show the followlng behavior
in the alr stream: '

(29 It is stable, That means it will return to its
undisturbed position out of 3its own account when displaced
from zero position. This tyne of nrojectile 1s called
point stable" at Peenemiinde. That means it has only
one stable position which has zero moments. If thie
aero-moment posltion coincides with « = 0° the projectile
is "ariow stable" without restriction. ¥Figure lé shows
such a projectile whose center of gravity lles at approxi-
mately H/D = 6. The corresnonaing variation of the
moment is shown In figure 19

The moment arm of the slr force 1s always positive
for positive and negative angles of attack, The moment
dilagram shows only one zero for a = 0%, The tangont
to the c, -curve is positive, thus indiceting stabililty
of the projectiles,

(b) It is unstable. This means that it departs on
its own account to very high angles of attack, from the
zero position, when disturbed. Such a projectile turns
crosswise and cannot be used. The projectile of figure 20
is such a type. The center of gravity llses at
about H/D = i« The corresponding moment distribution
is shown in figure 19, The projcctile ls unstable, the
moment arm p of the air force is always negative. So
18 the tangent to the moment disgram at’ @ = 0°, This
indicates unstable conditions at the only zero point.
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(c) It is stable in one position and unstable in
another. In most cases unstable condltlions exist for
small angles of attack which change l1nto stable con-
ditions for larger angles of attack. Such projcctiles
are called "circle stable" at Peenemiinde. That means
that there are three zero moment positions when gscil-
lating in a plane whereby the position at a =0 is
unstable and those for angles of attack £a are stable
ones. When oscillating in space the zero moment positions
have a circle as locus.

If this value of a 1is small, such a projectile
is called "partly arrow stabilized." The moment
diagram is shown in figure 19, The moment arm p 1is
negative for small angles of attack and positive
from” fa on. The moment curve has three zeros. Its
tangent is negative for a = 0°, The projectile is
unstable at this point. The tangent 1s posltive
at *a thus indicating stable conditions of the pro-
jectile, This is the most commonly experienced case of
stabillty. Even highly developed arrow~stabilized pro=
jectiles show this property, but 1n most cases only for
a very narrow range of angles.’

(d) The opposite case of stable at small and
unstable at high angles of attack occurs only occa-
sionally. Such projectiles should be cslled "circle
unstable," Figure 21 shows a projectile whose moment
arm decreases wlth increasing angle of attack.

Figure 19 shows the moment arm positive for small angles
and negative from *a on. The moment diagram has

again three zeros. The tangent at a = 00 is positive
thus indicating stability of the body at 0°, At ta

the tangent is negative thus showing unstable conditions.

VIIT - FIRST PROPOSAL FOR AN ARROW-STABILIZED
PROJECTILE BASED ON AERODYNAMICS

The investigation of air-force conditions on body
and, fin discussed led the author- to hls proposal of
an arrow-stablllized projectile with sliding control
surfaces. This was done to improve the Rdchling pro-
jectiles and to replace thelr folding fins by rigid
fins. If rigid fins are attached to a projectile body,
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15 calibers long, on.the same place as the folding fins,
there wds not enough spage for each individual fin.
Thus ‘the fin surface would be’ tdo small. To extend
them forward in order:--to’galn more area is of no use and
can be very detrimental, The only poséible way to pro=
duce stabllizing moments 1s by moving the control surfaces
backwards after the projectile has left the barrel. .The
correctness of this hes been shown in wind- tunnel tests
and” flring tests.

This model (fig. 22) shows for the fivrst time how
an arrow-stabllized long projJectile with fixed fins
must look in flight so that all serodynamic con-
ditions are satisfled and that it can be fired as a
driving disc projectlle with the presently savailable
discs. : |

The designer had thus a nrojectile capable of
flight which had to be investligated for strength of
body and fin and for simple and practical izring pro=-
cedure. It was pavtioular] reguired to avoid the
sliding of the fin since moving parts in a projectlle
are not desired. One tried to move the fin fapr back
from the beglnning so that the aerodynamic conditions
remailned satisfied and still permitted flying.

Mr. Gessner of the Aerodynamischen Institut der Heeres-
anstalt Pcenemiinde devised constructive solutions

of this problem, namely the "driving cone," "drlving
fin," and "driving ring."

DISCUSSION

Mr. Haack

I would like to add a few remarks about theoretical
work done at my Institute pertaining to wing-stabilized
long projectilcs which are based on Peeneminde projectliles.

I determined some time ago the meridlan of a round
body whose pressure-drag was.a minimum for gilven caliber
and volume but variable length. This wes done by an
approximate solution of the linesrized diffecrential
equation. Figure 1°® shows the projectiles with three

®Pranslator's note: The four figures referred to 1n
the Discussion may be found at the end of the figures for
the report.
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such bodies of equal caliber and volume (represented by
the cylinder). To obtain a minimum the length may vary
between these limits. The first and long esf shape
represents the optimum, the other shapes result from
reducing the length., The shortest form results from
the condition that the projectile shall have no
cylindrical center portion.

1. I have devised a new arrow projectile hased on a
Peenemiinds projectile of the same calliber and volume
but with an ontimum meridian. The longest shane, having
at the same time the smallest pressure drag, was
impractical for reasons of stability. bibLme 2 shows
the Pceneminda arrow and the arrow vwith ontimum
meridian of equal volume and caliber (d1f1erent scales
in this fizure. The control surface had gix fans),

For the volume and caliber as given by the
Peenem\indns arrow, the length limits of an ontimum pro-
jectile are netween 15 and 22 calivers. This considers
the body without fins with a pointed tail, The over-all
length of the Peeneminde arrow is 12.25 callbers, for
the optimum arrow the length was llmzted to 10 CQllbePS.

2. Of particular Interest is the calculation of
the drag. Filrst, the drag of the Peenemtindc srrow at
Mach number = 2 was calculated and was commarced with
wind-tunnel tests; then, the same e¢alculation was
carried out for the optimum arrow to deterwine the gain
due to an ovntimum meridian.

The drag was calculated as the sum of pressure
drag, friction drag, and base suction. The pressure
drag was calculated from Kdrmdn's linearized theory for
slender projectiles in supersonic flow. This led to
the following sinmplified method: the meridian of the
body was replaced by a polygon of secants with end
points x5, r4 and the slopes

I S Ry

r - -
x - ma
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Let & = Xy = ary where a 1s the cotangent of the

Mach angle. The over pressure at polnts r, 8nd x;
the meridian l1s then determined by the equations

. n=1 .
Iprn' - > Ai(éi - §1-1)
A = 1
n =
Xn ” §n-l

0
80 T2
2
The pressure drag 1s then 'found by intesreti-n

s
wave _E?_QUO?'

~ W Jﬁr r*(p = pyldx; 2 = crosc section
2 e

17

'\

D = Dy YIL' x. = &, x. - &
= =2 A Aj <AI"COS _;I'_l____£ - ATcos _f.'].'-..._____l_'__]_:_

of

> (1)

Friction drag and baese suction are calculated according

to the following equations

0.2
0.362 (2o Surface -7
—— Pl LA = X
S (;oL Vg 133 10

*friction T Arca

~ Uo?\base
osuctiOn = 0,2 (l - 0,2 )q

(2)
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where

Us velocity of projectile in meters’ per second
Vg zinematic coéfficient of friction

L length of nrojectile in meters

a velocity of sound in meters per second

These equations give the folloving drag cosfficlents
at Mach number = 2 for the Peenemiindc arrov (PPG) and
the optimum projectile (Hk) '

PPG Mz
Cwavn (Pressure drag) 0.11 0.03
Priction (Frictlon drag) W10 .13
Csuction (Base drag) .13 .13
*total 3L .29

One sees that the pressure drag of the onbimum
projectile is only one-~fourth of that of the PPG., The
over-all gain in drag, though, is not very large. It
should be mentioned here that the pressure drayg of the
shoulders of the fins cannot be calcwlated easlly. Hence,
the pressure drag of the entire body vithout fins was
calculated and 1t was assumed that the pressure drag of
the wincs equals that portion of the pressure drag
which acts over the surface of the body coverzd with
wings. - T

As to wind-tunnel tests 1t should be remembered
that these were made not on the original projectile
but on a considerably smaller mnrdel and that therefore the
friction drag coefficient vill be different from 2
normal model, The drag of the model, one-fiitlhh full
scale, under normal air conditions, is found according

to equation (2) by multiolying this value by \/5, using
values of the full-scale projectile given sbove. Thus
for the PPG Cppiation = Oe-llt and hence 6y poq = 0438, I

was told that the value as measured in the wind tunnel
1s Cyeasured = 0+39. This excellent agrcement is beyond

all expectatlong.



NACA TM No. 1175 19
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5. Finally a few remarks on the [ins &f ‘the
optimum projectile. For the new projectile the wings
of the contrel surface had to be exterded far forward,
This is necessitated by the distribution of the shear
forces which were calculated by a linearized method .
for small angles of attack. The shear distribution

is shown in figure 3 for Mach number = 2. It is
advisable to start the fins at the point where the
shear forces on the tail start to' ihcrease the moment.
The center of gravity is approximately 10.) calibers
from the nose., Only a test will show if this center=-
of=gravity position and these flns are satisfactory
for stabilization.

Ir, Saver

Osciliation of finned "”G]Pctwle are wathematically
simpler to solve than thoss of spinning projcctiles Ior
two reasons: First, one con limlt nneself 1o small
angles ol attack, since thevre is no excitation, and
therei'ore linearize the differential ejuation. Sscond,
the coupling with ths centoer=of=gravity osci*lationa
is so small, dae to the low Frcou'ncy, that the ogcilla-
tion of an axis of the projectile can be setisfectorlily
cporoximated by the undisturbed path of the c.nber
of gravity (6 = 00) neglsching courling.

To best dezcribe the 030111ct1n5 niction one uses
a woving system ol coordinanes &, W, and { whkoss
origin lies on the undisturbed path of the center

~of gravity and ,lheir azes are ithe tangcint, principle ,

normal,and binormal of the path, The end point of the
unit vector in direction of the axis of the projectils
describos the "oscillaetion curve™ in the &, m, and §
systeme Its projectiles arec combined in the compnlex
sngle of attack a = § + ine The oscillation curve
satisfiles the following equation of motion:

G+ 2N + pfa = - 1(2AS + §)

where A = const,. Vyecys uz = const, UZYCm
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In this egquation, the angle of inclination ¥,
the velocity v, the Hach mumber I, asnd the specific
weight of air s are given as functions of time from
the undisturbed path., The aamp¢ng coefficient Cd(M)
and the derivative cp!'(M) = dc,/da of the moment
coefficient follow from. W1nd-tunnel tests.

Integration of the eqguation of 'motion leads to
damped oscilllations, In this mammer the oscillatious
of a very long projectile were calculated for the
instant of firing end the disturbance cccuring near
its maximum height. The initial or firing oscmllation
jamps out very gquickly while the . z2rex csclilllation
extends over a large nortion ol the descending path,

fhe initial oscillationz avce replaced by an
sauivelent disturbance of Initial conditions of the
undisturbed flight path. The data investigated at
fachen resulted in disturbancs vzluesﬁwhich were wlmost
constant over a large range (v, from LO0 to 1100 meters
per second (1790 to 2L.50 mph) and %, Crom 200 to L50.
it is said that the dLSpe”°iOﬂ caused by oscillation
iz caused primarily by varistion in the inltizl dirsce-

Py
o °

tion, whilc the v, varistion is negligiitly small,
Thz veariztion of the initiasl angle is of ma-nitule
of 19, the . v, reduction of uasnitude of 1 metsr per

Mr, Busemann ,

Considerin: projectlles with inen caliber, glven
volume, cud given length naving che least leSLUt:nce
ons sees that this problom of minima is overdeterflned
since the three guantities are net entirely independent
from each other. Caliber and volume detersine bthe
minimun lensth of the projectils, namely, the lzngth
of the byllnder made up of caliper and volure. A
maximun length was determined by I, Laacv above
which further reduction of draz is no UQ1ble when
retsining the two other conditiaons. be ween these
two limiting lengths there 1s for each g¢iven length
a2 well defined minimum body. If the lensths are not
rmch largzer than thne length of the cylinder, the minimum
body consists of a cylindrical center portion with
added nose and tail tlpu. Only for larger lengths do
nose and tail tips come togetner at the center of the
projectile and the cylindrical center portion disappesrs.
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This latter class has been calculuted by Mr., Haack
since they permit an analytical expression for the
meridian over the entire length of the projectile,.
Missing, though, is the shape of projectiles of small
lengths, made up of three parts, which is to be found
from a mixed problem of minima., For the meridian of
nose and tall tips, all additional conditions must be
considered while the cylindrical center portion is
primarily determined by the given caliber,

Mr, Stange

The increase of arrow projectiles depends con-
siderably on the celiber, The quoted figure of 50~percent
increase in range as compared to the spinning projectile
refers to a caliber o»f 28 centimecters. When increasing
the diameter D, condiftions are considerably worse _since
the equation for the drag decelerstion contains D+ in
the numerator and the weight in the denominater which
is proportional o D3 for relatively equal weights of
projsctiles. Hence, the drag deceleration of the
nrojectile is proportional to 1:D for otherwise equal
conditions., Thus the gain in range, whin changing
from the spimning projsvctile to an arrow projectile,
will become gradually loss and less, Approximate
calculations show that under condltions mentioned the
range increase for D = 28 centimoters is 50 percent,
at D = GO centimeters only 10 percent at the most.
Figure li shows the conditions for & diamstor
ratio DgD'! = 100:6l = %:2 (D = spinning projectile,

Ut = arrow projectlle).,

Translator's Note

The rest of the discussion deals mostly with
ballistic problems such as penetration, charge, materials
and accuracy, and does not contain any information of
interest in conjunction with the original paper.

Translsted by H. Pe. Liepman
Goodyear Aircraft Corporation
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Figure 1.- Drag stabilization of a projectile,

Figure 2.- Insufficient drag stabilization.
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Figure 3.- Shear force distribution on a projectile with and without fins
a =8° v=200m/s = 656 ft/sec.
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Figure 4.- Shear force distribution over an arrow projectile without
fins, 17.6 calib, long. v =200 m/s.
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o
Figure 9.- Moment contribution of Figure 10.- Moment contribution of
fin and nose of a completely fin and nose of an incompletely

stabilized projectile. stabilized projectile.

Figure 11.- Separation of flow on a full-caliber projectile in supersonic
flow.
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Figure 16.- Three-shoulder fin.

/;o=45°
/}0=22.5° M
<—}0=0° T /_\

00 2‘4..5° 4.50 90°

¥

Figure 17.- Rolling moment about longitudinal axis for relative wind
at an angle o.
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Figure 21.- Projectile with
decreasing stability for

increasing angles of attack.

Figure 22.- Peenemiinde
arrow projectile with
sliding fins.
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Figure 1.-

Figure 2.~
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Figure 3.~

x. range in vacuum at v, = 3670 ft/sec.

0

x range of normal spinning projectile with the same initial velocity.

x' range of arrow projectile (PPE) for D!_17_ .61 and same initial
. X D 28

velocity and weight.

Maximum range increase when changing from a full-caliber to a sub-
X caliber projectile.
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